Electron spin relaxation in a spin-polarized quantum Hall state is studied. Long spin relaxation times that are at least an order of magnitude longer than those measured in previous experiments were observed and explained within the spin-exciton relaxation formalism. Absence of any dependence of the spin relaxation time on the electron temperature and on the spin-exciton density, and specific dependence on the magnetic field indicate the definite relaxation mechanism -spin-exciton annihilation mediated by spin-orbit coupling and smooth random potential. PACS numbers 73.43.Lp, 73.20.Mf, 73.21.Fg The study of spin relaxation phenomena in twodimensional electron systems (2DES) is a broad and not yet well-understood field whose major benefactor is spintronics, one of the most rapidly developing branches of applied physics and technology [1]. The dominant spin relaxation mechanism in a 2DES is typically associated with Rashba and Dresselhaus spin-orbit (SO) couplings that occur due to the inversion asymmetry of the 2DES confining potential and the host semiconductor. The Dyakonov-Perel momentum-depending spin precession randomizes the spin orientation, thus forcing spins to relax out of the initial direction [2, 3] . A strong magnetic field normal to the 2DES completely quantizes the energy spectrum, leading to a search for alternative spin relaxation mechanisms. Surprisingly, despite the fact that transport, optical, and magnetic phenomena in a 2DES in perpendicular magnetic fields are well studied due to the integer and fractional quantum Hall effects, spin relaxation physics are not well understood. Experimentally observed spin relaxation times vary from ∼ 1 ns [4] to ∼ 10 ns [5, 6] and do not provide a definite clue for identifying the major process governing the relaxation of spins. Theoretical advances are more prominent; yet without a proper experimental background these advances are characterized by a diversity of studied relaxation mechanisms [7] [8] [9] leading to a wide range of calculated relaxation times. In this respect, the relevance of some of the aforementioned calculations to the real 2DES is somewhat doubtful. In addition, it is remarkable that all theoretically calculated times are much longer than the times observed experimentally. In the present Letter, we report on spin relaxation measurements with relaxation times reaching 150 ns, which strongly agree with theoretical estimates for the "disorder relaxation" mechanism [9] (i.e., in which the energy dissipation occurring simultaneously with the spin relaxation is determined by a smooth random potential). Meanwhile, the observed exponential time dependence for spin relaxation requires a special explanation and therefore a more comprehensive theoretical analysis. In particular, we first consider the importance of spin density spatial fluctuations stimulated by the disorder.
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The 2DES under quantum Hall conditions represents a quantum object where Coulomb correlations radically modify the energy spectrum. To date, the most elaborated spin-relaxation theory is the one describing the quantum Hall ferromagnet at the electron filling factor ν = 1 [8, 9] . This state is definitely a spin dielectric where a deviation of the spin system from equilibrium is treated as the appearance of spin excitons comprising effective holes in the lowest spin sublevel of the zero Landau level and electrons promoted to the next spin sublevel of the same Landau level. The spin exciton with a nonzero momentum leads to a reduction of the total spin and the spin projection along the magnetic field of the 2DES by one; in turn, a zero momentum spin exciton rotates the total spin of the 2DES in space [8, 9] . Relaxation in both cases is considered to represent an annihilation of spin excitons due to the SO interaction. It is, however, a challenging task to verify this theory because until now no experimental technique for creating nonequilibrium systems with a considerable spin-exciton density was available. Here, we report an optical technique suitable for this purpose. We chose time-resolved Rayleigh scattering [10] as the methodology for monitoring the real-time spin dynamics. The spin relaxation times exceeded all currently known experimental data by an order of magnitude.
Several GaAs/AlGaAs quantum wells of 18 − 20 nm width 2DES with an electron density in the range of 1.5 − 4×10 11 cm −2 were studied (dark mobility varying from 1 to 3×10 6 cm 2 /Vs). The experimental technique used to produce a nonequilibrium spin system utilized short (< 1 ns) powerful laser pulses with the photon energy far above the forbidden gap in GaAs (peak power was 10 4 J/cm 2 ), see the illustration in Fig 1. By relaxing to the ground state, the high-energy electrons heat the 2DES. The experiment has two options: (i) the characteristic time required to cool down the 2DES is longer than the spin relaxation time (then the relaxation rate can not be accurately measured) and (ii) the spin relaxation time is longer than the time required to cool down the 2DES. In the latter case, the spin relaxation rate is measured directly. This condition can be satisfied at magnetic fields B ≥ 9 T. The optically heated 2DES relaxes to a nonequilibrium spin depolarized state. A continuous wave radiation resonating with the optical transitions involving electron and heavy-hole states in the zero Landau levels monitors the 2DES spin by resonant Rayleigh scattering (RRS), as described in Ref. [10] (Fig. 1 ). The ratio of the Rayleigh scattering cross sections for the two allowed optical transitions (+1/2, -3/2) and (-1/2, +3/2) allows the heating laser power to be tuned in such a way that the nonequilibrium 2DES proves to be in an unpolarized state after cooling down. The dynamics of the RRS signal in the ν = 1 quantum Hall ferromagnet reveals nonmonotonic behavior. Within the first few nanoseconds after the laser pulse, the RRS signal superimposes on the nonresonant photoluminescence induced by the pulse. The 2DES is then heated during the first 10 ns. This process is accompanied by a complete loss of the RRS intensity (Fig. 2) . During the following 40 ns the RRS signal returns to the initial value, thus indicating that the temperature of the 2DES reaches the bath temperature. The RRS signal then again diminishes due to the 2DES spin relaxation to the equilibrium state. Finally, the RRS signal is saturated at a stable level, the magnitude of which depends on the bath temperature. The stable level characterizes the equilibrium spin state of the 2DES (Fig. 2 ). Measuring its magnitude at different temperatures allows us to determine the temperature dependence of the 2DES equilibrium spin polarization. It reproduces the well-known experimental results obtained with the nuclear magnetic resonance technique (Fig. 2) .
Subtracting the equilibrium RRS signal from the total RRS signal, one obtains the spin relaxation rate as a function of the nonequilibrium spin density (Fig. 2) . We observed a number of significant effects that reduced the number of possible mechanisms accounting for the spin relaxation in 2DES. First, the relaxation time was not dependent on the electron temperature, whereas the amount of relaxed electrons changed significantly. [For example, at 4.2 K the relaxation is nearly exhausted (Fig. 2) .] Second, within the experimental accuracy, we found no appreciable changes in the relaxation time versus the nonequilibrium spin density (Fig. 2) .
Another finding is the long spin relaxation time, which was more than one order of magnitude longer than any known experimental results [4] [5] [6] . We believe that such a striking discrepancy between our and other experimental data was due to the different physical quantities measured. Our technique directly aims at the spin relaxation from the upper to the lower spin sublevel in a nonequilibrium strongly interacting 2DES , whereas other experimental techniques, such as the paramagnetic resonance and the Kerr rotation, focus on the spin dephasing of a single or few noninteracting spin excitons.
Spin excitons are true eigen states of the quantum Hall ferromagnet. A comparative analysis of various temperature-independent relaxation channels was recently reported [9] . We conclude that for B < 15 T, the relaxation channel is determined by both the SO coupling providing the spin nonconservation and the interaction with the smooth random potential violating the momentum conservation. Indeed, a similar relaxation mechanism was already theoretically discussed [8, 9] , but with one significant difference -smooth random potential was considered to be weak and, therefore, producing no effect on the energy spectrum of spin excitons or on their energy distribution. This was considered to be the cause of the two-exciton scattering dissipation mechanism. As a result, this theoretical model leads to a nonexponential relaxation law, ∼ 1/(1 + t/τ ) [8, 9] , which thereby contradicts the observed exponential relaxation. Some results, however, can be still utilized. Namely, let us consider a 2D domain with area L 2 where L is much larger than the characteristic correlation length Λ of the correlator K(r) = ϕ(r)ϕ(0) [ϕ(r) describes the external smooth random potential; ϕ(r) ≡ 0 is assumed]. In this case, the matrix element for the transition from the two exciton state with wave vectors q 1 and q 2 to a single exciton state with energies E 1 +E 2 for merging spin excitons. The annihilation probability, if both excitons are within the domain L×L, is calculated with the standard formula 1/τ (q 1 ,
. If the temperature is rather low, then to calculate the total relaxation rate one has to know the quasiequilibrium distribution of "cold" spin-excitons determined not only by temperature but also by the random potential (i.e., in the state where they are cooled but not annihilated, because the cooling processes that do not involve the spin flip are considered to occur much faster). The problem of finding this distribution in real space cannot be precisely solved, and we are only able to present a comprehensive estimate. Now the exciton momentum is no longer a good quantum number, and from the distribution in the conjugate space one should return to the spinexciton distribution in real space characterized by the density n(r). From this point of view, the values q 1 , q 2 and q ′ entering the expressions above must be reexamined.
The following study is very similar to that presented recently [11] . First we show how the random smooth potential influences the spin-exciton energy. Let the random potential be smooth (i.e., l B ≪ Λ). We consider a small domain l × l (l B ≪ l ≪ Λ ) and use a linear-gradient approximation: ϕ = −(l B / )∇ϕ×P within this domain, whereP is a 'generalized' momentum operator of the magnetoexciton [11] . Within the approximation of the firstorder gradient expansion, the smooth potential does not change exciton states and conserves the quantum number q. In addition, the linear potential does not contribute to the value K(q)q 2 [proportional to the Fourier component of the correlator ∇ 2 ϕ(r)ϕ(0) ]. It does, however, determine the electro-dipole part of the exciton energy so that the latter is ǫ Z + q 2 /2M x − d∇ϕ, where d = l B (q×ẑ) is the dipole moment, (ǫ Z = gµ B B is the Zeeman gap, and 1/M x is the exciton inverse mass; q is in the 1/l B units). After cooling down, but before annihilation, the exciton in the vicinity of point r acquires wave vector q m ≡ M x l Bẑ × ∇ϕ(r) and "gets stuck" in the smooth random potential with the exciton energy E m = ǫ Z − q 2 m /2M x . The inverse 'local' relaxation time 1/τ (q 1 , q 2 ) is calculated with substitution q 1 = q 2 = q m (r), and as a result, if the correlator is Gaussian, K(r) = ∆ 2 e −r 2 /Λ 2 , one obtains τ (r) = N φ T (r), where here and in the expressions above one has to change from
Here [12] . The experimentally measurable quantity -the total relaxation rate -is calculated by multiplying the probability 1/τ (r) by the probability of finding two spin excitons within the l×l domain, ×n 2 (r)l 4 , and then by summation over all domains. The latter means substitution l 2 → dr and integration over r:
Thus, we have a complex problem of finding the density distribution n(r) and calculating the integral in Eq. (2). A quasi-equilibrium distribution n(r) is determined by fast transition processes preceding the spin exciton annihilation: cooling due to the electron-phonon coupling and simultaneous drifting in the presence of a smooth random field. This field influencing the exciton energy E m is actually not ϕ but (∇ϕ)
2
, representing a non-Gaussian case. We obtain the required estimate in two steps. First, let us change from T (r) to the averaged value 
2 dr, where the last term is proportional to the spatial correlator δn(r)δn(0) at r = 0. Should spin excitons form an ideal gas, this correlator would correspond to socalled white noise and would be equal to δ(r)N x /L 2 [16] . In our case, the correlations are mostly determined by spatial fluctuations of the field (∇ϕ) 2 : if it is energetically favorable to find a spin exciton at a point r 0 , then the density should be over the mean value, δn(r 0 ) > 0 in the neighborhood |r− r 0 | Λ ′ . For an estimate, the δ(r) function is replaced with a 'hat'-function e −r 2 /Λ ′ 2 /πΛ ′ 2 . Intuitively, the estimate for Λ ′ is Λ ′ ≃ Λ/2. As a result, we come to [δn(r)]
2 . Thus, there are two contributions to the relaxation rate (2) . The first contribution is a quadratic in
2 and is determined by the mean excitonic density, whereas the second contribution originates from the part of the fluctuations that is linear in n x :
Our theoretical approach is based on neglecting the inter-excitonic correlations. That is, n x is assumed to be small, and the second term in Eq. (3) is thus dominant. Experimentally, the observed relaxation is well-exponential in time, even starting from the initial value n x (0) ≃ 0.5. So, semi-empirically, we conclude that the characteristic relaxation time is given by T =T Λ 2 /8l 2 B . The material parameters can be evaluated using available data for similar quantum wells [13] and by slightly varying the poorly known quantities: ∆ and Λ, around their experimentally estimated values. The magnitude of 1/M x was borrowed from a recent experiment [14] . In so doing, and to compare the theory with our experimental measurements, one could, for example, consider the following specific parameters quite reasonable for our experimental conditions: α = 0.25 nm·meV, β = 0.12 nm·meV, ǫ Z = 0.02B meV, 1/M x = 0.87B 1/2 meV (B in Teslas), ∆ = 1.25 meV, and Λ = 32 nm. As a result, one obtains a specific dependence T(B) that nicely describes the experimental data (Fig. 3) . Finally, note that the real temperature at which the employed 'zero-temperature' approach should be valid is estimated to be T < q
Finally as a basis for a discussion we briefly concern the situation of a softer quantum Hall ferromagnet. In case the filling deviates from one, the spin polarization diminishes (see, e.g., an analysis in Ref. [17] ), and drastic rearrangement of the ground state -emergence of a skyrmionic texture has to result in radical changes of excitations' picture. In particular, it is known that additional spin-flip modes are observed [18] , and even only due this fact spinrelaxation physics becomes quite different compared to the ν =1 case. Our intuitive opinion of this interesting but hardly studied relaxation problem enables us to think that the phase volume relevant to spin relaxation processes should grow if ν deviates from one -the relaxation thus occurs faster. Our experimental technique allows, e.g., to observe spin-relaxation dynamics at ν = 0.75 (see the inset on Fig. 3 ).
In conclusion, we emphasize the importance of the presented results. Up to now, experimental physics have been focused on indirectly investigating the spin dephasing time of noninteracting spin excitons. In our study, we successfully prepared a nonequilibrium spin system that allows us to perform realtime monitoring of the spin dynamics. On the basis of these data and theoretical analysis, we describe a scenario for the relaxation and conclude that, in fact, there is no discrepancy between the experimental results and theoretical notions based on the concept of spin-exciton annihilation -the observed relaxation can be explained within the framework of the SOsmooth-disorder relaxation mechanism, and actually looks like effective inter-spin-exciton scattering. In addition, the long relaxation times, 100−150 ns, provide a chance to study a possible condensate state of nonequilibrium spin excitons.
